The historical removal of accumulations of wood on medium to large rivers in the continental United States caused a fundamental change in river corridors that has received relatively little attention in the scientific literature. Although scientific literature discusses the natural wood rafts present on the Red and the Atchafalaya Rivers in the southeastern United States, there is little awareness that similar extensive masses of wood are documented in the historical record from forested river catchments as diverse and widespread as those in the northeast, southeast, Texas Gulf Coast, Pacific Northwest, and upper Great Lakes regions of the country. While present, these natural wood rafts decreased channel conveyance, increased channelfloodplain connectivity, and facilitated anastomosing channels and floodplain lakes. Removal of natural wood rafts began in the 17th century in the eastern United States and proceeded westward with the movement of European settlers, accelerating during the 19th-century era of steamboats and floating of cut timber. Removal of the natural wood rafts likely forced many rivers from a multi thread planform with high channel-floodplain connectivity into an alternative stable state of single-thread channels with substantially reduced overbank flow, sedimentation, and avulsions. There is now widespread recognition among the geomorphic community of how upland clearance increased sediment yields and floodplain aggradation. I propose that widespread removal of instream wood for steamboat routes, timber rafts, and flood control was equally significant in decreasing floodplain sedimentation and river complexity, and in causing a fundamental, extensive, and intensive change in forested river corridors throughout the United States.
I Introduction
My intent in this paper is to provide an overview of a spatially extensive, fundamental change in river corridors driven by historical human activities, which has received relatively little attention in the scientific literature of aquatic ecology and fluvial geomorphology. I use river corridor to refer to active and abandoned channels and the adjacent floodplain and riparian zone. The removal of accumulations of wood on medium to large river corridors across the continental United States occurred within a few decades on any individual river. This removal substantially altered channel conveyance, channel planform and lateral mobility, channelfloodplain connectivity, and the abundance and diversity of aquatic and riparian habitat.
Previous papers have detailed specific examples of removal of natural wood rafts in the southeastern United States (e.g. Triska, 1984; Veatch, 1906) or provided overviews of the magnitude of wood removal from rivers within a region (e.g. Harmon et al., 1986) . However, insufficient attention has been given to the locally intensive effects of wood removal or to the near-ubiquity of substantial change in river corridors throughout historically forested regions.This paper uses qualitative historical descriptions and quantitative data on number of pieces of wood removed from diverse river corridors throughout the United States to illustrate the national-scale cumulative effects of removing wood from rivers and floodplains.
I start with a brief overview of the environmental effects of wood in channels and on floodplains, particularly accumulations of wood, and then review historical evidence of abundant wood in river corridors, including natural wood rafts. Drawing largely on work that dates back to Lyell (1830), I develop a conceptual model of how natural wood rafts influence river corridor processes and forms. I then review the national scope of wood removal from river corridors, and finally discuss the implications of historical wood removal.
My focus in this paper is on rivers within the continental United States, including Alaska. Most of the material covered here is directly applicable to forested river corridors throughout the temperate-zone latitudes (Erskine et al., 2012; Francis et al., 2008; Martín-Vide et al., 2014) , although the details of how and when wood was removed vary between regions. The United States provides useful insight into the magnitude of historical wood removal because, although this removal occurred in forested rivers worldwide (e.g. Brooks et al., 2004; Comiti et al., 2006; Erskine and Webb, 2003; Francis et al., 2008; Mackay, 1991) , the United States is unusual in having at least limited pre-removal documentation of wood in river corridors. I end this paper with a hypothesis regarding how wood removal influenced floodplain dynamics. This hypothesis should be testable using field-based floodplain stratigraphic studies.
Wood and river corridors
Instream wood, also known as large woody debris (LWD), large wood, or stream wood, refers to pieces of dead wood, typically 10 cm in diameter and 1 m in length, within the active channel. Floodplain wood refers to wood within the geomorphic floodplain but outside of channels. Jam refers to two or more pieces of wood in contact with each other, typically in an interlocking manner that substantially reduces the mobility of individual wood pieces. Natural wood raft here refers to a naturally occurring accumulation of instream wood that completely spans the active channel and has a length at least several times the average channel width. Although a natural wood raft is a type of jam, I distinguish natural wood rafts here because of each raft's very large size relative to most jams. Historical descriptions suggest that natural wood rafts typically persisted over a period of years to centuries. This is in contrast to a timber raft, which is a human-designed mass of cut lumber floated down a river to a collection boom over a period of days to weeks. I use the words timber, log, and lumber to refer to cut wood.
Starting with work in the northwestern United States in the 1970s, a large number of studies now demonstrate the numerous effects of instream and floodplain wood on river corridors (e.g. Keller and Swanson, 1979; Montgomery et al., 2003a; Piégay, 2003; Swanson, 2003) . Within the channel, wood obstructs flow and increases hydraulic resistance (Curran and Wohl, 2003; Linstead, 2001; MacFarlane and Wohl, 2003; Marston, 1982) and reduces channel conveyance (Brummer et al., 2006; Dumke et al., 2010; Webb and Erskine, 2003) . The obstruction created by individual pieces of wood or jams enhances flow separation and localized scour of the streambed and banks (Keller and Swanson, 1979) , and facilitates storage of sediment, particularly finer grain sizes, and organic matter (Bilby, 1981 (Bilby, , 2003 Faustini and Jones, 2003; Nakamura and Swanson, 1993) . The presence of wood, and the associated diversity of hydraulics and substrate, increase aquatic habitat abundance and diversity (Beechie and Sibley, 1997; Fausch and Northcote, 1992) . By altering sediment storage, wood alters bedform type and dimensions (Bilby and Ward, 1989; Montgomery et al., 2003b; Piégay and Gurnell, 1997) . Wood can alter channel planform and lateral channel mobility, creating braided or anastomosing channels where these planforms would not otherwise exist, and increasing channel avulsion (Abbe and Montgomery, 2003; Montgomery and Abbe, 2006; O'Connor et al., 2003) . Wood also increases overbank flows and thus vertical floodplain accretion and channel-floodplain connectivity (Jeffries et al., 2003; Sear et al., 2010) . By facilitating formation of secondary channels and floodplain wetlands, wood enhances riparian habitat abundance and diversity (Johnson et al., 2000; Little et al., 2013; Pettit et al., 2005) . Downed wood on the surface or buried within a floodplain also creates both geomorphic and ecological effects. Wood enhances deposition of sediment and other wood in transport. Jams in particular create more erosionally resistant points on a floodplain that are elevated slightly above surrounding areas and provide germination sites for trees (Collins et al., 2012) . These patches within a floodplain typically have a slower cycle of erosion and deposition, helping to create a patchwork floodplain with diverse elevations and vegetation communities . Decaying wood provides an important source of carbon and nutrients to floodplain soil and biota (Zalamea et al., 2007) . Floodplain wood provides habitat for invertebrates (Benke, 2001; Braccia and Batzer, 2001; Harmon et al., 1986 ) and germination sites for plant propagules (Schowalter et al., 1998) . Hydrochory -water transport of propagules -is important to many riparian plants, and propagules of some species are preferentially deposited against downed wood and other emergent substrates on the floodplain (Schneider and Sharitz, 1988) .
Individual, isolated pieces of wood can create all of the effects mentioned above, but concentrations of wood in various types of jams are more likely to create non-linear effects that force channel processes across a threshold and result in distinctly different bedforms or planform than would be present without the wood (Collins et al., 2012; Massong and Montgomery, 2000; Wohl, 2011) .The mechanisms by which wood forms jams vary downstream with channel size. Small channels with limited transport capacity for wood typically contain in situ jams formed around largely immobile pieces (Abbe and Montgomery, 2003) . Beavers build dams in small to medium-sized rivers with perennial flow and sufficient woody riparian vegetation to provide food for the beavers (Gurnell, 1998; Rosell et al., 2005; Wohl, 2013) . Transport jams occur in larger rivers where most wood pieces are mobile but some local reduction in mobility (e.g. a meander bend) can initiate formation of a jam (Abbe and Montgomery, 2003) . Natural wood rafts form on medium to large rivers via the continuing accumulation of pieces transported from upstream (Wohl, 2013) .
After more than a century of wood removal in the United States, many people are accustomed to rivers with minimal or no instream wood, and may perceive instream wood very negatively (Chin et al., 2008) . Most contemporary observers would likely be surprised at the volume of wood historically present along forested rivers in the United States. The few remaining unmanaged rivers flowing through old-growth forests provide some indication of what was once much more common (Fox and Bolton, 2007; Hedman et al., 1996; Morris et al., 2007; Wohl and Cadol, 2011) . Most of these data come from smaller rivers, typically in mountainous or otherwise relatively inaccessible regions, rather than the large, lowland rivers that are the focus of this paper. The widely documented pattern for contemporary rivers is that volume of wood per unit area of channel decreases downstream as channel width, flow depth, and transport capacity for wood increase (Hassan et al., 2005; Piégay, 2003) . This downstream trend may partly reflect the tendency of people to actively remove wood from larger rivers in order to reduce hazards to navigation or infrastructure, or for other reasons. Downstream decreases in wood volume may not have been so pronounced historically. Historical records of substantial volumes of wood removed from many larger rivers, as well as the occurrence of natural wood rafts, as both discussed in this paper, support this inference.
The most famous natural wood raft is the Great Raft that was once present on Louisiana's Red River. The Red River drains about 236,000 km 2 of the southeastern United States. Triska (1984) used historical sources to infer the characteristics of the Great Raft, which was a complex series of jams that likely initiated at a point bar or other constriction. Subsequent storms extended the accumulation and finer organic material filled the interstices of the jams. The weight of accumulating debris, along with waterlogging, forced wood toward the channel bottom. Within 2-5 years, upstream ponding reduced velocity sufficiently to promote in-channel sedimentation and overbank flooding and deposition. Eventual 'sealing' of the dam forced a new outlet for flow, typically the channel of an upstream tributary. Rising stage in the mainstem reversed flow direction in the tributary and diverted upstream discharge onto the floodplain, creating a lake until a new outlet developed. As aggradation and flow diversion continued in the mainstem, upstream accumulations of wood created a series of dams upstream from the Raft. Riparian trees killed by inundation contributed to channel blockage.
This situation of continuing wood accumulation and river corridor change persisted for an estimated 375 years prior to human removal of the Great Raft. The raft and associated jams affected somewhere between 390 and 480 km of the main channel, with instantaneous blockage of about 225 km (Triska, 1984) .When the raft was disassembled, starting in the 1830s, individual pieces of wood were measured at up to 30-36 m in length and 1.75 m in diameter.
A natural wood raft on the nearby Atchafalaya River extended nearly 70 km along the downstream half of the river. The raft may have started to form in the 16th century, although early observers estimated that accumulations large enough to substantially affect navigation and overbank flooding began c. 1775 (Reuss, 2004) . Early descriptions noted so much vegetation growing on the raft that people passing over it might not be aware of its existence (Reuss, 2004) . Unsuccessful attempts to burn the raft during low water in 1839 gave way to use of snag boats during 1840-1842, re-formation of the raft by 1846, and final clearing during 1858-1860 (Reuss, 2004) . The complex of large, anastomosing channels along the Atchafalaya known as bayous (Bayous Courtableau, Boeuf, Plaquemine, Teche, Pigeon, Black, des Glaises) also underwent clearing during the period 1843-1860. Reuss (2004) notes that, each year, employees of the state engineer found new wood in streams they had cleared the year before: 'The Atchafalaya Basin supplied an inexhaustible conglomeration of stumps, limbs, branches, and natural debris to obstruct stream channels. Sometimes, the state engineers became desperate in their pleas for assistance, not only from the legislature, but from landowners along the waterways ' (p. 35) .
Although the Great Raft on the Red River is the best known historical example, natural wood rafts were historically present on rivers throughout the United States (Table 1, Figure 1 ). Relatively little is known of most of these rafts, but their effects on river corridor processes and forms were likely similar to those described for the Great Raft. Considering the extent of forest cover in the continental United States at the time of early European contact (Figure 2 ), many other natural wood rafts were likely present, but documentation of these features in historical archives is limited. Phillips and Park (2009) suggested that dissipating tropical hurricanes making landfall in the eastern and southeastern United States could result in rapid recruitment of large volumes of wood to rivers, facilitating formation of natural wood rafts. In this context, it is worth noting that sedimentary records indicate numerous intense hurricanes and severe winter storms across New England (Boose et al., 2001; Donnelly et al., 2001a) , the midAtlantic Coast (Boothroyd et al., 1985; Donnelly et al., 2001b) , the southeastern United States Fearn, 1993, 2000) and the Gulf Coast (Phillips and Park, 2009) during the past few hundred years. Similarly, a natural wood raft on Ohio's Maumee River that contributed to the formation of the Black Swamp (~4200 km 2 in extent), was attributed at least partly to tornadoes that occur each year in the region (Kaatz, 1955) . 
II Conceptual model of natural wood rafts and riverine process and form
The historical descriptions of the Great Raft on the Red River, as summarized above, inform the conceptual model presented in Figure 3A . Localized reduction in the ability of a river to transport wood initiates wood accumulation in the channel. This reduction could be caused by spatial variation in channel geometry (e.g. meander bend or lateral constriction), by mass recruitment of wood to a channel via a hurricane or tornado, or by the combined effects of variations in channel geometry and mass recruitment. The presence of immobile wood helps to trap and retain wood moving downstream, so that wood accumulates at the upstream end of the natural wood raft, even though wood within the raft continues to decay, break apart, be deposited on the floodplain and, at the downstream end, be carried farther downstream and apart from the raft. The natural wood raft persists and the river environment maintains a wood-rich stable state (Wohl and Beckman, 2014) . As the vertical thickness, longitudinal extent, and spatial density of the natural wood raft increase, channel conveyance is progressively reduced. This increases the frequency, duration, and magnitude of overbank flows. Some of the water moving across the floodplain infiltrates, maintaining higher riparian water tables and hyporheic exchanges across the river corridor. Fine sediment and organic matter transported by the overbank flows settle from suspension on the floodplain, creating vertical accretion and enhanced storage of organic matter. Overbank flows can concentrate in secondary channels, creating an anastomosing channel planform, and in floodplain lakes. The presence of secondary channels and high riparian water tables that favor woody riparian vegetation such as willows (Salix Figure 1 . Natural wood rafts mentioned in local historical sources. These rivers for which natural rafts are mentioned are likely to represent only a subset of rivers on which such rafts occurred.
spp.) would also create ideal habitat for beavers (Castor canadensis) (Pollock et al., 2003) . Beavers build dams that further enhance overbank flooding and formation of secondary channels (John and Klein, 2004; Wohl, 2012, 2013; Westbrook et al., 2006) . High flows diverted into multiple channels and across the floodplain reduce transport capacity in the main channel, which facilitates continued accumulation of wood in the natural wood raft (Wohl, 2011) . Bank erosion along the main and secondary channels can also increase wood recruitment into the raft. The diversity of flow depth, velocity, substrate, and overhead cover associated with main and secondary channels and inundated floodplain substantially increase the abundance and diversity of aquatic and riparian habitat.
III National scope of wood removal
The first written descriptions of any forested region of the continental United States indicate that abundant instream wood was present in the form of dispersed individual pieces, jams, and, in some cases, natural wood rafts Cowan, 2003; Harmon et al., 1986; Morrison, 2003; Reuss, 2004) . As people of European descent settled a forested region, their first activities commonly focused on cutting upland and riparian trees and removing instream wood (Whitney, 1994) . In many regions, wood was also cut from uplands and riparian zones and removed from streams as part of commercial exploitation of a region prior to settlement. Instream wood removal was a priority because of the reliance on natural waterways for transportation of people and goods (Reuss, 2004; Timmen, 1973; Young et al., 1994) .
Instream wood was historically removed using a variety of techniques and for a variety of reasons, including navigation and flood control (Sedell et al., 1991) . Individuals and small communities initially undertook wood removal, but state governments and the federal government became involved in wood removal early in the 19th century. Federal and state river improvement activities continued through the first half of the 20th century on many mediumsized to large rivers. Although relatively little wood remains in most river corridors at present, wood removal continues in connection with barge traffic, recreational river navigation, flood control, and protection of infrastructure.
Historically, wood within the channel was primarily removed in a process known as snagging. The term snag was typically used for all instream wood in engineering reports of wood removal. Damage caused by hitting a snag was the leading cause of steamboat accidents in the Mississippi River and its tributaries (Paskoff, 2007) , creating a strong incentive to systematically remove snags. Henry Shreve patented a design for a snag boat in 1838 based on winching up a roped snag and placing the wood onto an accompanying raft or barge for transport to shore, where the wood was cut or burnt (Paskoff, 2007) . In addition to snagging, partially buried root masses and rock obstructions were blasted out of the channel. Streamside trees were cut. Channels were commonly dredged using steam-powered dredge boats. Bends were cut off, canals were constructed between channels or between sinuous reaches of a channel, banks were stabilized, valley bottoms were drained, levees were constructed, and lock and dam complexes were constructed to maintain minimum flow depths for navigation (Reuss, 2004) . The net effect of these diverse modifications was to reduce wood recruitment and instream wood retention.
In this section, I focus on two primary activities that resulted in widespread removal of wood on medium-sized to large rivers: steamboat navigation and the rafting of cut timber to downstream collection points at lumber mills or railroad loading docks. These two activities commonly overlapped in time and spatial extent along individual rivers, and were typically simultaneous with beaver trapping, timber harvest throughout the watershed, floodplain drainage, levee construction, and channel dredging, each of which also affected recruitment and/or retention of instream wood. Although it is difficult now to quantify the relative importance of each of these activities in altering instream wood abundance on a particular river, many of the activities were either undertaken to facilitate timber rafting and navigation (e.g. timber harvest, dredging, snagging) or resulted from increased access to a region and altered land cover within the region concomitant with navigation and timber rafting (e.g. agricultural and urban settlement and associated floodplain drainage and levee construction). I focus on steamboats and timber rafting as primary drivers of changes to wood in river corridors, and as two large-scale, intensive activities for which historical documentation is more common than for some of the other activities.
Steamboats
Steamboats were critical to the transportation of people and commodities in the 19th-century United States until the railroad network became well developed after the Civil War (1861-1865). The first American steam-powered craft operated on the Delaware River up to Trenton, starting c. 1786-1788 (Sutcliffe, 2004) . In 1807 Robert Fulton designed the first widely used steamboat, which was quickly introduced in the eastern United States (Paskoff, 2007) . The Ohio River provides an example of the temporal progression in navigation (Custer, 2011; Johnson, 1974 ). Prior to 1824 the Ohio River was at least locally multithreaded, with bars, islands, and snags that limited the passage of larger boats, and flow depths that varied from about 0.3 m at low water to 24 m in flood. Flow was typically less than 1 m deep on much of the river from July to October, and flat boats were the design of choice. Use of flat boats on the Ohio probably started c. 1782, and the craft were common by 1801. Keelboats were also used, starting in the 1790s. The first steamboat navigated the river in 1811, and steamboats continued in use until 1935, when they were finally replaced by road and railroad transport.
Steamboat navigation had at least two effects on natural wood rafts and other instream wood in the Ohio and other rivers. First, navigation improvements such as snagging, dredging, and blasting of rock and sediment obstructions within the channel resulted in direct and repeated removal of instream wood. Primary steamboat routes were so intensively engineered over a period of multiple decades (Chief of Engineers, 1874 Engineers, , 1918 Reuss, 2004; Timmen, 1973 ) that they arguably became more like canals than natural rivers in that they lost physical complexity and heterogeneity, with increased longitudinal connectivity but reduced lateral and vertical connectivity of the type driven by wood within a channel. Second, steamboat traffic reduced subsequent, natural recruitment of wood to rivers. Steamboats opened 'backwoods' areas to settlement by transporting people and supplies. One of the first activities of backwoods settlers was to cut trees, either for personal use or for commercial production. Steamboats going up and down the river also used enormous quantities of wood for fuel, burning an average of four cords of wood an hour (1 cord~3.6 m 3 ) (Timmen, 1973) . This fuel-wood was most easily obtained from the riparian forests closest to the channels on which the steamboats traveled.
Abundant historical records indicate the broad spatial extent of steamboat traffic during the 19th and early 20th centuries (Figure 4) . Although a few of these routes were used only once (e.g. Idaho's Snake River through Hell's Canyon), the great majority of the routes remained in use for decades (Table 2) . Records of wood removal from steamboat navigation routes indicate that instream wood was also continually removed over a period of decades (Tables 3 and 4) . Table 4 , for example, indicates that 1.5 million snags were removed from 30 rivers between 1867 and 1912. This is a minimum value, because it includes only snags (not free-floating wood or drift piles) and only a subset of the rivers listed in Table 3 as being cleared by snag boats operated by the federal government.
Timber rafting
Timber rafting -the floating of cut logs downstream to collection points -was even more spatially extensive than steamboat navigation, and lasted for decades on most rivers, until the marketable timber had all been cut, or until railroads replaced floating as the primary means of moving logs between the site of tree-cutting and sawmills. Figure 5 shows the primary timber rafting routes within the United States and Table 5 provides additional details about each river. Because timber was floated down even very small, headwater channels, the extent of timber rafting shown in Figure 5 is a minimum. This can be illustrated by looking at greater spatial detail within the three regions of Wisconsin, South Carolina, and a portion of the Medicine Bow National Forest in Wyoming, the latter of which is barely visible at the scale of the central portion of Figure 5 . Each of the inset maps in Figure 5 could be shown at even finer spatial scale, revealing hundreds of additional tributary creeks on which timber was floated, if accurate historical records had been kept. Although contemporary observers from diverse regions describe timber harvest and log floating on very small channels (Cowan, 2003; McMahon and Karamanski, 2009) , systematic records of these activities do not appear to have been kept. In many states, as the lumber industry spread, progressively more rivers and greater spatial extents of each river and its tributaries were modified for log floating. Timber rafting typically included very small headwater channels. New York State (Table 5 ) provides a good example (Cowan, 2003) . By 1859 this state was number one in the nation for volume of timber production, and every large river in the state had been declared a public highway for log floating, on which it was illegal to block floating timber.
Cut logs were hauled to the nearest small headwater channel. Historical accounts describe loggers using channels so small that a logger could almost straddle the channel. As long as channel width exceeded average tree diameter, the channel could be used. Logs were piled at intervals along the river banks until flow rose seasonally. Once placed in a channel, the logs were floated varying distances downstream to a collection boom associated with a sawmill, where the logs were sorted and sawn (Cowan, 2003) .
Numerous modifications were used to facilitate log floating. These included splash dams in the smaller channels and more permanent, gated dams on the larger channels. Splash dams ponded water and logs until peak flow, when the entire structure was typically dynamited, sending a surge of water and logs downstream (Wohl, 2001; Young et al., 1994) . Diversions from adjacent streams could also be used to enhance flow in channels used for log floating, and gated dams created more controllable water releases to transport logs. Some diversions involved relatively small channels, but others were major undertakings. In Maine, for example, loggers diverted water from the Allagash River to the Penobscot River via a dam that raised water level in intervening lakes and then a canal connecting the two watersheds (Cowan, 2003).
Channels were also modified to minimize backwaters or areas where logs could be trapped and retained. Overbank areas and secondary channels were blocked off with levees or other structures, and naturally occurring wood, bedrock, and large boulders were blasted out of the channel (Nilsson et al., 2005; Wroten, 1956) . Note the description of the Salkehatchie (1915) and Sedell et al. (1982) .
b
The absence of some rivers listed in Table 3 again suggests that the values in this table represent a minimum, in terms of number and extent of rivers snagged, and total wood removed. c Total number of river kilometers snagged. This value ¼ (snags removed þ streamside trees cut þ logs pulled)/km snagged/number of years, and represents a minimum value of wood removed from the channel because, for example, it does not include piles of driftwood removed.
River in South Carolina (Table 5 ), for example, for which historical records indicate that more than 181 secondary channels between the river and a large swamp were blocked to facilitate log floating. Log floating was nonetheless commonly inefficient. When logs jammed -such as the jam 1.6 km long and 30 m high on the Kennebec River at Caratunk Falls in Maine during 1881 -dynamite was used to break up the jam (Cowan, 2003) . The pulse of water and logs released when an artificial jam was destroyed typically caused further channel erosion and geomorphic simplification (Miller, 2010) .
The St Croix River of Wisconsin (drainage area~19,800 km 2 ) provides a well-documented example of timber floating. Small-scale logging began in the 1820s and the first sawmills were built in 1839 (Andersen et al., 1996) . Log floating on the river began c. Canals and diversions were dug to facilitate log floating and thousands of splash dams were built on even small tributary channels. The cumulative effect of these alterations was to nearly double the natural length of floatable channels in the watershed to 550 km prior to the Civil War Timber rafting affected natural wood rafts and other instream wood in at least three ways. First, the pulses of water and logs released from splash dams or gated dams mobilized other instream wood and acted similar to a flash flood or debris flow in eroding channel boundaries (Young et al., 1994) . Repeated operation of splash dams along a river typically caused substantial bank and bed erosion. Splash dams operated from 1923 to 1941 along the Middle Fork Coquille River in Oregon, for example, caused downstream portions of the river to scour to bedrock (Miller, 2010) . Historical accounts from the St Croix River during the period of log floating noted the occurrence of eroded stream banks, wider, shallower cross sections, and sedimentation in the streambed (McMahon and Karamanski, 2009) . Second, channel modifications that enhanced the mobility of cut logs also increased the mobility of naturally occurring instream wood. Finally, the cutting of riparian and other forests reduced subsequent recruitment of instream wood. The numerous modifications of flow regime and channel geometry associated with timber rafting likely forced river corridors into an alternative, wood-poor state.
River improvements
On a national scale, the US Congress made appropriations to clean rivers of wood as early as 1776 (Harmon et al., 1986) . Congress assigned the improvement of inland rivers to the Army Corps of Engineers in 1824 (Reuss, 2004) , as steamboats were increasingly used to transport passengers, cotton, tobacco, and other agricultural commodities in bulk across state lines (Paskoff, 2007) . Improvements concentrated initially on removing instream wood via snagging (Table 3) , but subsequently grew to include blasting of rock obstructions, dredging, bank stabilization, levee construction, construction of connecting canals, channelization via cutting off bends, and flow regulation (Chief of Engineers, 1874 , 1898 , 1918 Reuss, 2004) .These river modifications typically extended across several decades. The Annual Report of the Chief of Engineers of the US Army to the Secretary of War provides insight into the scope of these operations. Rivers listed as being blasted and dredged in the 1874 report, for example, were still listed as undergoing snagging and dredging in the 1918 report (Table 3) . Wood removal began much earlier on a local scale, and the watersheds for which more detailed historical records exist provide information that is likely relevant to many other watersheds. Descriptions of the Altamaha, Ocmulgee, Oconee, and Ohoopee Rivers of Georgia in Morrison (2003) provide an example. Poleboat and flatboat traffic began on the Oconee River by the 1790s. An 1818 assessment of the Oconee from Ball's Ferry 30 km upstream to Milledgeville described the river as 'very much infested with logs' (Morrison, 2003: 57) . Hamilton Fulton, appointed Georgia State Engineer, wrote in 1827 of the Oconee, 'I have never seen a river so much obstructed by logs and snags' (Morrison, 2003: 29) . Following an 1806 trip on the Oconee and Altamaha Rivers, Freeman Lewis appealed to the state legislature to clear the rivers of wood and other obstructions. The state had authorized a lottery to raise funds for channel clearance in 1798. In 1801 the state ordered adult males living within 8 km (5 miles) of a river to devote five days a year to river improvements. This effort was not sufficient, however, and in 1817 the legislature resorted to state expenditures for river improvements. Snag boats and blasting were used to clear the Altamaha.
The earliest logging operations on the Altamaha started in 1721 (Morrison, 2003) . By the mid-19th century, immense quantities of timber were being rafted downstream for use in building a railroad across the Isthmus of Panama, among other things. Each raft was a collection of floating logs held together with crossbinder poles and wooden pegs. Raft size varied with the size of the river. Small Ohoopee River rafts could be combined when they reached the Altamaha River, where a raft could be up to 12 m (40 ft) wide and 61 m (200 ft) long.
The period of c. 1870-1910 was the height of the lumber industry centered around the city of Darien: 174,600 m 3 (74 million board feet) were cut in 1877, 233,600 m 3 (99 million board feet) in 1881, and 265,230 m 3 (112.4 million) in 1900. By 1910, most of the timber was transported on railroads rather than via river rafts. Log rafting on the Altamaha reached its peak during the last quarter of the 19th century, when individual rafts covered up to 0.1 ha. During 1889, for example, 200 rafts arrived in Darien within two days. As Morrison (2003: 145) notes, 'Rafts of all kinds were such an ordinary sight on the rivers that almost everybody took them for granted and almost nobody ever thought of describing them in writing'.
The impression developed during reading numerous local historical accounts and national Chief of Engineers reports is that there was an intense period of river improvement activities throughout forested regions of the United States between c. 1830 and 1920. Thousands of individual creeks and small rivers were cleared of millions of pieces of instream wood, and hundreds of moderate to large rivers that could be used for commercial navigation were dredged and blasted to remove obstructions. As resource use intensified within a catchment, dredging even had to be carried out to remove river bars composed of sawdust (Chief of Engineers, 1874). The US Army Engineering Department still operated 53 snag boats as late as 1918 (Chief of Engineers, 1918) .
IV Wood-poor rivers
Returning to the conceptual model illustrated in Figure 3A , the removal of natural wood rafts and other naturally occurring instream wood as a result of steamboat navigation, timber rafting and other human activities created a scenario illustrated in Figure 3B .This scenario is informed by studies of channel change following wood removal in diverse environments (Brooks et al., 2004; Erskine and Webb, 2003; Montgomery et al., 2003a; Triska, 1984) . High flows are more likely to be contained within a single main channel, leading to more competent flow that is better able to entrain any instream wood subsequently recruited to the channel. Removal of riparian forests decreases natural wood recruitment to the channel and floodplain, reduces bank stability through loss of cohesion from tree roots and faster overbank flows caused by removal of aboveground vegetation, and alters channel cross-sectional geometry. Decreases in overbank flow magnitude, frequency and duration create lower riparian water tables, as well as less vertical accretion and floodplain storage of organic matter (Kroes and Hupp, 2010) . Floodplain lakes and wetlands become smaller or disappear. Lack of secondary channels and more competent flows in the main channel limit colonization by beavers and construction of beaver dams. Aquatic and riparian habitats become less abundant and diverse. As long as wood continues to be actively removed by people or is not capable of accumulating naturally, the river corridor remains in an alternative stable state of wood-poor (Wohl and Beckman, 2014) .
Timber harvest and the use of rivers and estuaries for log transportation and handling continued into the late 20th century in parts of the northwestern United States and southwestern Canada. Consequently, numerous studies have demonstrated the effects of these activities on aquatic communities, as comprehensively reviewed in Sedell et al. (1991) . Modification of channel planform and crosssectional geometry, as well as direct removal of wood, create simpler and more uniform channels (Sedell et al., 1982) . Flow regulation via diversions and dams enhances bed and bank scour and hydrologic variability (Miller, 2010) . Increased bed sediment mobility and deposition of fine sediment and huge quantities of bark knocked off logs during transport smother or otherwise destroy periphyton communities, feeding areas for insects and fish, and fish spawning sites (Gharrett and Hodges, 1950; McCrimmon, 1954; Wendler and Deschamps, 1955) , as well as filling estuaries (Sedell et al., 1991) . Increased turbidity and decreased riparian shading affect photosynthesis of aquatic plants. Decomposition of wood and bark increase biochemical oxygen demand and production of hydrogen sulfide and ammonia (Pease, 1974) . Sedell et al. (1991) report that timber handlers and splash dam operators noted substantial declines in salmon runs within 3-4 years after dam construction. River corridor habitat and biotic communities require many decades -in some cases more than a century -to recover after splash dams are removed and log floating ceases (Miller, 2010; Sedell et al., 1991; Young et al., 1994) . In valley segments where blasting, dredging, and wood removal shifted the river corridor to an alternative stable state, recovery has not occurred .
V Implications 1 Hypothesized effects of wood removal on floodplain sedimentation
The fluvial geomorphic community has effectively documented and publicized the effect of upland clearance associated with the start of intensive agriculture on sediment yields and floodplain aggradation (e.g. Butzer, 1990; James, 2006; Knox, 2006; Trimble, 1974) , as well as the effect of numerous, closely spaced milldams on river sedimentation (Walter and Merritts, 2008) . The widespread and sustained removal of wood in connection with steamboat navigation, timber floating, and flood control was likely equally significant in decreasing floodplain sedimentation, but only limited floodplain stratigraphic studies have explicitly discussed this effect. Barrett (1996) found that sedimentation rates in eastern Caddo Lake were 10 times greater prior to final (1873) removal of the Great Raft on the Red River, which created the lake. Similarly, Patterson et al. (2003) found that sedimentation in the Lake Fausse Pointe region of the lower Atchafalaya basin changed sharply between c. 1875 and 1955 from clayrich lacustrine and backswamp deposits to muds and sands as a result of removal of the natural wood rafts on the river. These studies of floodplain sedimentation in the vicinity of the two most extensive natural wood rafts documented in historical sources provide some insight into the effects of wood removal on floodplain dynamics.
The proposal that wood removal significantly reduced floodplain sedimentation on mediumsized to large rivers in diverse locations is a testable hypothesis (Figure 6 ), albeit one that will be difficult to test because of the very close timing of timber harvest, steamboat navigation, and clearing of native upland vegetation in many regions. Ideally, this hypothesis could be tested along a forested river that had steamboat traffic and wood removal, for example, but no upland clearing or minimal upland clearing until later in history.
Contemporary wood management
Major floods commonly present an opportunity for instream wood management in that large quantities of wood can be rapidly recruited to a river corridor via hillslope failure and bank and floodplain erosion. The nearly ubiquitous response is to 'clean' the channel as quickly as possible. Cleaning involves removing most or all of the wood to prevent the wood from creating obstructions that increase the stage of subsequent flows, prevent wood from being re-entrained and damaging infrastructure such as bridges or pipelines along the river corridor, eliminate potential hazards to recreational use of rivers, or simply to remove what is perceived as an unsightly mess (Mark Kempton, City of Fort Collins, Stormwater Master Planning Manager, personal communication, November 2013) . During the past few years, this scenario has played out in a variety of river environments across the United States. Extensive hill slope instability and flooding in the Appalachian Mountains of the eastern United States during 2012, for example, introduced large amounts of wood that were promptly removed by local communities and various government agencies. Similarly, widespread rainfall across the Colorado Front Range and adjacent piedmont during September 2013 caused flooding along numerous forested tributaries of the South Platte River. Bank erosion and, in the mountains, debris flows on forested valley sides, introduced abundant wood to the rivers, creating wood rafts in reservoirs and jams that facilitated avulsion and localized bed and bank erosion in piedmont streams. Wood removal and channelization began immediately after the floodwaters receded, resulting in almost complete removal of flood-recruited wood.
Retaining wood in river corridors through urban environments or other areas with highly developed infrastructure is not likely to be feasible. Making resource managers and the general public more aware of the beneficial effects of accumulations of instream and floodplain wood, however, could change the way that flood-recruited wood is managed in forested rivers flowing through less developed areas. Accumulations of wood represent a perceptual frontier (Chin et al., 2008) . If people can learn to regard wood masses less as natural disasters that must be immediately 'fixed' and more as opportunities for restoring natural river corridor process and form, we may be able to reclaim some of the river diversity historically present across the United States and mitigate the legacy of absence.
VI Conclusions
Numerous qualitative and quantitative historical records clearly indicate that instream wood was much more abundant in moderate to large rivers within and downstream from forested areas in the continental United States than wood is today, perhaps with the exception of some rivers in Alaska. Removal of instream wood, modification of channels to limit retention of subsequently recruited wood, and loss of riparian forests and other sources of wood recruitment cumulatively reduced instream wood loads by orders of magnitude. Loss of instream wood increased channel conveyance and reduced flow resistance within the channel. These changes reduced lateral connectivity between the channel and floodplain, and altered channel dynamics and planform. Reduced overbank flow caused loss of floodplain wetlands, less retention of fine sediment, organic matter, and nutrients, and reduced abundance and diversity of aquatic and riparian habitat ( Figure 3B ). In combination with simultaneous resource uses including beaver trapping, land drainage, and flow regulation, the loss of instream wood and associated changes in channel process and form equates to a substantial change in forested river corridors throughout the United States. Understanding the magnitude and extent of this change provides a useful context for managing and restoring river corridors, including instream and floodplain wood.
